Preparing a single cell suspension is a critical step in any solid tissue flow cytometry experiment. Tissue dissection, enzymatic digestion, and mechanical dissociation are three significant steps leading to the degradation of the extracellular matrix and the isolation of single cells, allowing the generation of high-quality flow cytometry data. Cells and the extracellular matrix contain various proteins and other structures which must be considered when designing a tissue digestion protocol to preserve the viability of cells and the presence of relevant antigens while digesting matrix components and cleaving cell-cell junctions. Evaluation of the single cell suspension is essential before proceeding with the labeling of the cells as high viability and absence of cell debris and aggregates are critical for flow cytometry. The information presented should be used as a general guide of steps to consider when preparing a single cell suspension from solid tissues for flow cytometry experiments.
TISSUE COMPOSITION
Tissues are composed of cells embedded in an extracellular matrix, within which neighboring cells are anchored to each other via cell-cell junctions on the cell membrane.
Extracellular Matrix
Throughout an organism, all tissues and organs are composed of cells surrounded by a non-cellular component known as the extracellular matrix. The function of the extracellular matrix is to provide scaffolding and structural support to tissues while also initiating biochemical and biomechanical cues within each specific tissue (3) . The extracellular matrix is made up of components belonging to three major categories of biological molecules: collagens, proteoglycans, and glycoproteins (4, 5) .
Collagens are the most abundant fibrous protein in the extracellular matrix. As a result, collagens are the primary structural element of this matrix, providing tensile strength and regulating cell adhesion. Collagens also respond to biochemical cues in the extracellular matrix by supporting chemotaxis and migration while directing tissue development (6) . Proteoglycans are biological molecules made up of a protein core bonded to glycosaminoglycan chains. The roles of proteoglycans in the extracellular matrix include organizing matrix assembly, regulating the signaling of cytokines and growth factors in tissues, and activating cell-surface receptors to affect the function and development of cells and whole organs (7) . Common types of proteoglycans found in tissues include decorin, versican, and hyaluronan. Decorin and versican are present in all tissues throughout an organism. Hyaluronan is found in most tissues acting as a structural component and signaling molecule but lacks the protein core typically indicative of proteoglycans (7, 8) . Many other types of proteoglycans are present in only specific tissue types throughout an organism and will therefore not be reviewed in this article. Glycoproteins are any protein composed of a polypeptide chain attached to a carbohydrate group. One common glycoprotein found in the extracellular matrix is fibronectin, which plays a structural role by binding to collagen, thrombospondin, integrins, fibrins, and glycosaminoglycans (9) . Laminin also contributes to the structure of the extracellular matrix by actively modulating the behavior of associated cells in regards to adhesion, differentiation, migration, phenotype stability, and apoptosis resistance (5) . Elastin is the main component of elastic fibers in the extracellular matrix of tissues and is the main contributor to the elasticity of these fibers (10, 11) . Elastin is typically found in skin, lungs, ligaments, tendons, and vascular tissues (12) . Other glycoproteins commonly found in the extracellular matrix include fibrinogen, fibrillins, fibulins, tenascins, thrombospondins, and cartilage oligomeric complex proteins (5) .
Cell Membrane
The cell membrane is a phospholipid bilayer which serves as a hydrophobic barrier surrounding the cell, protecting the interior of the cell and its organelles (13) . The cell membrane contains various membrane proteins which are vital in the development and survival of a cell. Receptor proteins facilitate the relay of signals across the cell membrane which allows the cell to respond to cues from its environment, while channels and transporter proteins embedded in the cell membrane enable the passage of specific ions into or out of the cell using active and passive processes (13, 14) . Enzyme proteins are also present throughout the cell membrane, catalyzing chemical reactions in and around the cell. Digestive enzyme selection and concentration are vital in the preparation of a single cell suspension from solid tissues for flow cytometry, as cell surface receptors or membrane proteins can be cleaved by the proteolytic activity of enzymes such as trypsin (15) , resulting in falsely negative results in immunophenotyping experiments.
Cell-Cell Junctions
Cell-cell junctions are a major structural and functional component of tissues which must be cleaved to prepare a single cell suspension that will yield usable data in a flow cytometry experiment. The three major categories of cell-cell junctions that are relevant to the preparation of a single cell suspension are (i) occluding junctions, (ii) communicating junctions, and (iii) anchoring junctions. Occluding junctions, commonly known as tight junctions, maintain a continuous circumferential seal near the apex of endothelial and epithelial cells (16) . These junctions appear as a series of discrete sites of apparent fusion with the cell membranes of neighboring cells (17) . Tight junctions present with variation in structure and are composed of transmembrane proteins including claudins, junctional adhesion molecule family proteins, occludin, nectins, and endothelial-cell-selective adhesion molecules (16, 18) . The function of tight junctions is to form a barrier which can control the movement of water and solutes across the paracellular space while also maintaining the distribution of ion channels, pumps, and carrier proteins present throughout the cell membrane (17) . Communicating junctions, commonly known as gap junctions, function to allow the cytoplasmic exchange of metabolites and ions between adjacent cells (19) . These gap junctions are comprised of innexin proteins in invertebrate organisms and connexin proteins in vertebrate animals, where six connexin proteins unite to form one connexon (20) . Anchoring junctions include adherens junctions, desmosomes, and hemidesmosomes, which act to mediate cell adhesion between adjacent cells and to transfer intracellular signals (18) . Anchoring junctions are composed of cadherin proteins and form a zipper-like structure that allows the stable adhesion of neighboring cells within tissues.
TISSUE DISAGGREGATION

Mincing Tissues
After dissection of solid tissues from an organism, before introducing the digestive enzymes, tissues should be rinsed to clean off any blood or other unwanted material. The tissues should then be minced and dispersed with scissors, a scalpel, or a blade to increase total surface area. This increases contact between the enzymes and the surface of the tissues, leading to more efficient and complete digestion while shortening the time required for digestion.
Enzymes
Tissues hold cells together, supported by extracellular matrix and cell-cell junctions made up of a diverse set of proteins and other biological molecules which require specific enzymes for proper digestion and removal from the cell suspension. The digestive enzymes that play an essential role in the disaggregation of solid tissues are summarized in Table 1 . The first category of enzymes to consider is those enzymes that break down the extracellular matrix. Dispase is a commonly used neutral protease isolated from bacteria, with a high level of enzymatic specificity for collagen IV and fibronectin (21, 22) . Dispase is useful in the detachment of cell colonies and the dissociation of tissue pieces into small clumps of cells, as it works to cleave attachments between cells and the extracellular matrix without affecting cell-cell junctions (23) . Caution should be used when digesting tissues with dispase, however, as it is able to cleave specific relevant surface molecules or antigens, such as those connected to T cell analysis (24, 25) . Therefore, omitting dispase from the digestion buffer may be helpful if a loss of epitopes is observed. Also effective in the disaggregation of the extracellular matrix is collagenase. Collagenase is able to break the peptide bonds present in collagen which helps to digest the extracellular matrix, releasing cells into suspension. It is important to note that purified collagenase enzymes are more effective than traditional collagenase naturally derived from bacteria as there is less variability in the composition of the purified enzyme, increasing the stability of the cells throughout the tissue digestion (26) . The final enzyme to consider in the digestion of the extracellular matrix in solid tissues is hyaluronidase.
Hyaluronan, a structural proteoglycan in the extracellular matrix, is degraded by the hyaluronidase family of enzymes, which are produced in both bacterial and vertebrate organisms. These hyaluronidase enzymes cleave the β1,4-glycosidic bond present in the glycosaminoglycan portion of hyaluronan (27) , contributing to the digestion of the extracellular matrix.
Thenexten zy megrouptocon side rintheprep arationofa single cell suspension includes the enzymes that break cell-cell junctions. Trypsin is a natural protease synthesized in the digestive system of vertebrate organisms. Although it is useful in degrading certain proteins present in cell-cell junctions, trypsin also has a very harsh effect on cell membrane proteins (1). Also, trypsin has been shown to lead to free-DNA induced aggregation of cells, which indicates that cell lysis is occurring within the suspension (28) . Therefore, trypsin is traditionally avoided in the preparation of a single cell suspension from solid tissues for flow cytometry experiments. Papain is an alternative protease derived from the papaya plant. Papain is known to degrade the proteins that make up tight junctions between cells (29). However, like trypsin, papain has been shown to lead to free-DNA induced aggregation of cells due to the cell lysis that occurs during enzymatic digestion (28) .
The final enzyme type to consider in the preparation of a single cell suspension is deoxyribonuclease (DNase) which acts to cleave the phosphodiester linkages of the DNA backbone. The two major types of DNase are DNase-I and DNase-II, which possess slightly different enzymatic functions. DNase-II is not suitable for the preparation of a single cell suspension as it plays a role in engulfment-mediated DNA degradation pathways involved in apoptosis (30, 31) . DNase-I is appropriate for tissue digestion and preparation of a single cell suspension as it prevents cell aggregation by degrading free-DNA released through dead cell lysis during the enzymatic digestion without initiating apoptotic pathways. Calcium chloride (CaCl 2 ) acts as an enzyme activator of DNase-I and is therefore introduced into the digestion cocktail during enzymatic digestion. Calcium ions (Ca 2+ ) bind tightly to the DNase-I enzyme to stabilize its active conformation and allow for the proper degradation of free-DNA (32) .
To avoid the possible problems caused by adding the above enzymes to a tissue digestion cocktail, commercially available digestion cocktails have been developed and optimized. Accutase is a commercially available protease and collagenase blend which mimics the action of trypsin and collagenase but does so at a much lower concentration than is needed when using the standard enzymes. Accutase contains a mixture of enzymes with proteolytic, collagenolytic, and DNase activity and produces a higher total cell yield and improved overall antigen preservation when compared with using a cocktail of similar enzymes for tissue digestion (33, 34) . TrypLE is another commercially available enzyme cocktail containing purified, recombinant enzymes which mimic the activity of trypsin without altering the expression of cell surface antigens (35) . This product avoids the issues that arise with trypsin use in tissue digestion and allows for improved cell survival and more efficient single cell suspension preparation. 
Enzymatic and Mechanical Dissociation
Enzymatic dissociation is carried out by introducing a digestion cocktail to minced, solid tissues and incubating at specific temperatures, based on the enzyme cocktail being used. Enzymes may be temperature specific, and therefore work with maximum speed and efficiency at a given temperature, commonly 37 C. Depending on the specific enzymes, enzymatic dissociation may also be carried out at 4
Co (36) . Determining the optimal strength and concentration of the enzymes being used in enzymatic dissociation is empirical and critical for proper isolation of cells and successful digestion of tissues.
Mechanical dissociation plays a role in the preparation of a single cell suspension from solid tissues throughout the enzymatic dissociation. To assist in the mechanical dissociation of the tissues, by which cells are released from the extracellular matrix into suspension, enzymatic digestion may be carried out on an orbital shaker. Following enzymatic dissociation, the suspension should be filtered in order to exclude any undigested tissue pieces or aggregates from the newly prepared single cell suspension.
EVALUATION OF A SINGLE CELL SUSPENSION
Evaluating a single cell suspension obtained from solid tissues is an important step to take before using cells for a flow cytometry experiment. The three critical parameters to assess following enzymatic and mechanical dissociation of solid tissues are (i) cell viability, (ii) an absence of cell debris, and (iii) an absence of aggregates. Cell viability in a single cell suspension can easily be screened for using the trypan blue cell viability exclusion assay in which dead cells absorb trypan blue into their cytoplasm while live cells retain their selectively permeable membrane and prevent the trypan blue from entering the cytoplasm (37) . The relative amount of live and dead cells in the single cell suspension can then be evaluated using light microscopy. Cell debris and cell aggregates can also quickly be evaluated using light microscopy. Running the single cell suspension on a flowcytometerisalsohighlyrecommendedfortheevaluationof the single cell preparation. Adding a nuclear stain will discriminate intact cells from cell debris, and the inclusion of a viability dye will allow quantification of the percentage of dead cells.
VIABILITY IMPROVEMENT AND REMOVAL OF CELL DEBRIS
Excluding cell debris and dead cells from flow cytometry data is the best practice for an accurate and efficient study of the cell types or antigens of interest. Over the course of the tissue digestion and immunostaining of a single cell suspension, some cells will die as a result of natural cell death as well as injury caused by enzymatic and mechanical dissociation. High cell viability should be the goal of every tissue digestion, but taking the steps necessary to exclude from the final cell preparation those cells which do die and create debris is also needed. One method of removing cell debris and dead cells from a single cell suspension is to use a dead cell removal kit to "clean-up" the sample population before running samples on a flow cytometer. These kits are available from vendors such as Miltenyi Biotec Inc. (Auburn, CA) and STEMCELL Technologies Inc. (Cambridge, MA), and employ microbeads and specific binding buffers to magnetically label cell debris, dead cells, or dying cells, allowing for a negative selection of these unwanted populations by means of magnetic separation.
CRYOPRESERVATION OF A SINGLE CELL SUSPENSION
Flow cytometry experiments involving functional assays should be conducted shortly after the preparation of a single cell suspension or on cryopreserved live cells. Potential effects of cryopreservation should be tested in pilot experiments. For batch analyses of samples at a later time point, a mild fixation with paraformaldehyde can be used to avoid altering the expression or presence of antigens during cryopreservation (1) . However, fixation itself may affect antigenicity by changing protein conformation, so antibody recognition should also be evaluated in pilot experiments. Fixation physically stabilizes cells in their current state while preventing the fragmentation of the newly dead cells (38) . Mild paraformaldehyde fixation also preserves light scatter properties critical to heterogeneous cell populations and helps to prevent cells from sticking together or to the plate or tube in which they are stained. Fixation has been shown to be especially crucial for fragile/heterogeneous populations such as lung single cells (38) . Cryopreservable live/dead dye should be applied to cells before fixing to allow for discrimination of these two populations during data analysis.
COMMON PITFALLS AND CONSIDERATIONS
Several common mistakes and pitfalls can occur throughout the process of preparing a single cell suspension from solid tissues for flow cytometry due to improper techniques. These improper techniques (Don'ts) and their corresponding best practices (Dos) are summarized in Table 2 . Comparative data between best practices and improper techniques using a trypan blue viability assay and a flow cytometric DRAQ5 and Propidium Iodide panel (described below and in Supporting Information File S1) are summarized in Table 3 . Raw data files and analysis workspaces for the flow cytometry experiment are available on FlowRepository.org, Experiment ID: FR-FCM-ZYQP.
Freezing of dissected tissues by either slow-freeze or snap-freeze methods has been shown to decrease total cell recovery when compared with the isolation of cells from fresh tissues (39) . This is evident in the comparative data in Table 3 , where lung tissue which was stored at −80 C for 72 hours following dissection and prior to digestion showed a decreased cell yield and decreased cell viability. Therefore, it is the best practice to isolate and process cells from fresh tissues when possible.
Forceful mechanical dissociation using a tissue homogenizer is not suitable for the preparation of a single cell suspension as it instead creates a broth of cell and tissue components and is intended for isolating protein for other methods of analysis (40) . Therefore, the cells would not remain viable or intact when using this method and the use of a tissue homogenizer should be avoided. The data in Table 3 show that using a tissue homogenizer in place of mincing tissue resulted in decreased cell yield and viability. The decrease seen in the relative amount of cell debris and fragments is a result of the centrifugation which occurred Aggregates were quantified as count per 100 nl volume (1 square of Hemocytometer chamber at 0.1 mm depth). Yield calculated as (Recovered treatment specific cell count)/(recovered best practice cell count) * 100. throughout the protocol, during which debris and fragments created by the tissue homogenizer remained in suspension and were aspirated.
Vortexing cells is another form of vigorous cell handling that must be avoided to preserve the viability of the single cell suspension and to prevent cellular disintegration. Vortexing cells resulted in decreased cell viability and increased cell debris and aggregates in the experiments outlined in Table 3 . Rather than vortexing, gentle pipetting to resuspend the cells or cell pellet is preferred. Avoiding bubbles in the suspension when pipetting is equally important.
Centrifugation is another area in which errors can be made, leading to poor results from a solid tissue single cell suspension. In general, cells should be centrifuged between 300 and 900 relative centrifugal force (RCF), with 900 RCF being more suitable for fixed cells and lower force values being used for live, unfixed cells. It is important to note that these values are presented in relative centrifugal force and not rotations per minute (RPM), as RPM denotes a variable force dependent upon the radius of the rotor on each specific centrifuge. Centrifuging cells at too high of a speed can lead to compact pelleting and damage to the cell membrane, while centrifuging at too low of a speed will allow cells to remain in suspension and be lost when the supernatant is aspirated.
Incubation time in the digestion cocktail was shown to play a role in cell viability and aggregation in the experiments summarized in Table 3 . Under digestion, in which cells were removed from the digestion cocktail after 20 min, resulted in an increase in aggregates and an increase in cell debris and fragments. Over digestion, in which cells remained in the digestion cocktail for 5 hours, resulted in significantly decreased cell viability as well as increased cell debris and fragments in the suspension. It is therefore critical to determine the correct incubation time for the specific digestive enzymes and tissues involved in each experiment.
If possible, unfixed cells should be stained on ice to preserve viability and avoid cell death over the course of immunostaining. Throughout the digestion, all buffers should contain DNase-I to degrade free-DNA released by lysed cells, preventing cell aggregation. Ethylenediaminetetraacetic acid (EDTA) is a chelating agent that sequesters divalent metal ions, including those necessary for integrin mediated cell adhesion to the extracellular matrix (41) . Therefore, including EDTA in the digestion cocktail is important in limiting the adhesion of naturally adherent cells such as epithelial cells and macrophages.
Material selection also plays a role in restricting adhesion. Polypropylene tubes or plates are most suitable for preparing a single cell suspension due to the decreased affinity between cells and the surface of polypropylene, diminishing the likelihood of cells adhering to the tube or plate and being lost from the suspension (42) . Polystyrene is designed to promote cell adhesion and spreading and should be avoided in flow cytometry experiments (43) .
Checking cell viability and evaluating the single cell suspension for total cell yield and the absence of cell debris and aggregates is very important before attempting to acquire and analyze flow cytometry data. A simple protocol employing a nuclear stain (DRAQ5) and a cell viability stain (Propidium Iodide) for this purpose is available in Supporting Information File S1. If cell suspensions are contaminated with excess red blood cells, a red blood cell lysis buffer should be used to remove this contaminant and ensure that only the cell types of interest are present in the suspension for immunostaining and flow cytometric acquisition. If used, this treatment should be applied to all samples in an experiment to keep the cell preparation procedure consistent. The protocol for making red blood cell lysis buffer suitable for this purpose is available in Supporting Information File S2.
Each flow cytometry experiment focuses on specific cell types and antigens of interest, dependent upon the aims of the study. However, some general considerations should always be taken into account as the dissociation procedure itself can impact the cells and pathways being studied. Users should be cautious and validate that their digestion protocol does not affect epitope expression for the specific markers being studied in their panel as some enzymes can alter expression of some markers relevant to phenotypic analysis (24) . For experiments involving intracellular cytokine detection, protein transport inhibitors are recommended to block secretion of cytokines (44) . Tissue dissociation has also been shown to affect RNA expression in part due to the upregulation of microRNA which plays a role in limiting cellular activity when the cell becomes isolated from its surrounding tissue (45) . This downregulation of RNA should be investigated prior to evaluating RNA expression by flow cytometry. RNase inhibitors may also be included to avoid the degradation of the RNA transcripts of interest. Phospho-flow studies are meant to measure the phosphorylation state of intracellular proteins by investigating kinase signaling pathways (46) . Phosphatase inhibitors should be included in the enzyme cocktail for these studies in order to preserve phosphorylation signals and ensure accurate results. Finally, damaged cells may release proteases capable of cleaving epitopes of interest. Protease inhibitors are able to alleviate this epitope loss when added to the digestion cocktail.
